Validation of geopotential models derived from Gravity field and steady-state Ocean Circulation Explorer (GOCE) observations is a challenging task in regions with less advanced geodetic infrastructure such as Brazil. In order to assess the current performance of these models, 262 GPS-leveling sites, Earth Gravitational Model 2008 (EGM08) and Residual Terrain Model (RTM) are employed. The validation is based on the differences between GPS-leveling and GOCE-derived models. For the former, the spectral content beyond the GOCE-derived models' maximum degree is removed by using EGM08 and RTM. The results indicate that the GOCE-based models: DGM-1S, SPW (Releases 1 and 2), TIM (Releases 1, 2, 3 and 4), and DIR (Releases 2, 3 and 4), at their maximum degrees have a worse performance than EGM08 while DIR-R1 shows an improvement of 11%. Furthermore, from the steepness of the slopes of the root mean square error (RMSE), it is observed that the optimal combination between DIR-R1 and EGM08 occurs at degree 230 (RMSE of 0.201 m). For the satellite-only models, DIR-R3 reduces the RMSE by~1.4% compared to TIM-R4 at degree 190. These results are important for Brazil where the accuracy of the current geoid model is approximately 0.28 m. 
Introduction
It is well known that determination of physically meaningful heights using Global Navigation Satellite System (GNSS) technologies (e.g., Global Positioning System -GPS) is based on a simple operative relation that links GPS-derived ellipsoidal height h and the orthometric height H o . Here, these heights are counted along the same normal to the ellipsoid, which is also considered normal to the geoid without loss of precision. By applying this permissible simplification, it is possible to write (Jekeli et al. 2009 ): -mail: vagnergf@hhu.edu.cn where N is the geoid height with respect to the reference ellipsoid (e.g., Geodetic Reference System 1980 -GRS80). Relation (1) also holds for normal height H Brazil) this model will not deliver a sufficient high-frequency gravity field signal (Rummel 2013 , Gruber et al. 2011 . Following Gruber et al. (2011) , validation of global geopotential models (GGMs)
is very challenging in such regions. Since the public release of EGM08, the number of GGMs has grown with the increase of data collected by satellite missions such as the Gravity field and steady-state Ocean Circulation Experiment (GOCE) . In this case, some researchers have validated recent GGMs over Brazilian territory , Ferreira and de Freitas 2012 , de Matos et al. 2012 , Gruber et al. 2012 ). These validations have been carried out by using GPS-leveling data sets and, in the evaluation carried out by Guimarães et al. (2012) , gravity disturbance data. Gruber et al. (2011) mentioned that an important issue to be considered when comparing these quantities is that any gravity field functionally observed on the Earth's surface contains the full signal, whereas the GGMs are limited by their spectral resolution.
The truncation of the spherical harmonic expansion at maximum degree produces an omission error due to the neglected part of the gravity field (Torge and Müller 2012) . This omission error of EGM08, for example, may be reduced considerably by using the Residual Terrain Model (RTM) approach in an augmentation of the gravitational information beyond EGM08's maximum degree (Pavlis et al. 2012) . This novel approach, proposed by Hirt et al. (2010) , uses a high-resolution RTM to improve EGM08-derived height anomalies in areas without sufficient regional gravity data coverage. For the case of the GOCE-derived GGMs at their maximum degree of expansion, the omission error can be estimated by means of the EGM08, as proposed by Gruber et al. (2011) .
The aim of the present work is to examine the GOCE's state-of-theart models in order to observe the advances in the modeling of GGMs and their strengths at various degrees of expansion. The methodologies published in Gruber et al. (2011) and Hirt (2013) are used to improve the estimation of omission errors by employing the EGM08 and RTM gravity forward modeling with basis in topography/bathymetry data. The results of the comparisons are encouraging and demonstrate that the disagreement between models is large on a regional-based evaluation, as seen from the example of the Southern Brazil. With regard to the RTM forward modeling, it failed to deliver significant improvement on the short-scale gravity field. Only approximately 46% of the total 262 EGM08-derived height anomalies at the GPS-leveling points were improved.
Material and methods

Test area and applied GPS-leveling data set
A large area covering the three states of São Paulo, Paraná and Santa Catarina in Southern Brazil, with elevations from 0 to 1,600 meters was selected as the test area. This was chosen because 262 GPS-leveling benchmarks, distributed randomly over the target area (Fig. 1 , left panel), were available for comparison purposes. The accuracy of ellipsoidal heights is about 0.0494 m in terms of mean value and the maximum value is 0.1391 m. The heights of the Brazilian Height System (BHS) were obtained by using spirit leveling as a static system, and reduced for the effect of gravity by the normal gravity field as (Heck 2003, p. 295) : 
We decided to call the term η in (3) the "normal-geoid height" by analogy with the normal-orthometric height, i.e., an orthometric height defined on the basis of the normal gravity field. An experiment carried out by Ferreira et al. (2011) , taking into account different approaches for the geoid to quasi-geoid separation, found that in Southern Brazil, the term η ("normal-geoid height") fits a little better to ζ (height anomaly) than to N (geoid height).
The original ellipsoidal heights derived from the GPS measurements refer in principle to a tide-free (tf ) system in terms of the treatment of the permanent tide effect (Poutanen et al. 1996) .
However, as no tidal corrections were applied originally to the field measurements, and the results of the leveling work performed by the national mapping agency (Instituto Brasileiro de Geografia e Estatística -IBGE) in Brazil, the available normalorthometric heights refer, in principle, to a mean-tide (mt) system. For our subsequent analysis in Section 3, these values were transformed to the tide-free (tf ) system by using the formula (Tenzer et al. 2010 ):
where k and h are the tidal Love numbers and their values are 0.3 and 0.62 respectively, andφ is the geocentric latitude. This was necessary because the GPS and the applied GGMs are related to a tide-free system. The computed differences of the heights defined in these two tide systems (mean-tide and tide-free) at the points of the GPS-leveling in the study region vary from approximately −1.7 cm to approximately −5.4 cm, see Fig. 1 (right panel).
Global geopotential model based height anomaly
The disturbing potential T in spherical harmonics is (Torge and Müller 2012, p. 224) :
where n is the degree and m is the order of the harmonic coefficients and n max indicates the maximum degree of the series expansions; GM GGM is the geocentric gravitational constant for the GGM; a GGM is the semi-major axis for the GGM; andP nm (cosθ) are the fully normalized associated Legendre's functions. The spherical polar coordinates (r, θ, λ) of the computation point are the radius, geocentric co-latitude, and longitude. These are computed from the geodetic coordinates (ϕ, λ, h) for each analysis point. The termsC
T nm andS
T nm are the residual harmonic coefficients obtained from differences between the coefficients of the actual and normal gravity field (i.e., coefficient of the disturbing potential). The termC T nm , which denotes that the even zonal harmonics of the reference ellipsoid (e.g., GRS80) are removed from the GGM's coefficientsC nm , is computed by (Barthelmes 2013, p. 19 
where the GM GRS is the geocentric gravitational constant for the related Geodetic Reference System (GRS) and a GRS is the semi-major axis for the GRS. BecauseS n0 coefficients do not exist,
The zero-degree term T 0 (r) in (5) is given by:
An important topic is related to the choice of the W 0 value which has been the subject of several studies and several discussions (e.g., Burša et al. 2006 and Sanchez 2007 (Moritz 1980 ).
The height anomaly related to a global vertical datum with basis in the disturbing potential, is obtained by applying Bruns's formula:
The normal gravity γ Q is computed in the point at the telluroid by using (Hofmann-Wellenhof and Moritz 2006, p. 82) :
is the geometric flattening, the term m is computed by m =
, where ω is the angular velocity of the Earth, and γ is the normal gravity on the ellipsoid given by Somigliana's formula (Hofmann-Wellenhof and Moritz 2006, p. 72) :
All numerical constants related to the GRS80 can be found in Moritz (1980) .
Note that the height anomaly (8) is dependent of the normal gravity (9) computed at the telluroid and the latter, among other variables, is dependent of the normal height (H n ). However, the normal heights are unknown at the GPS-leveling points (Fig. 1) (5)). The value given by Table 4 of Shen et al. (2011) is -26.09 using a second order approximation. Equations (5 -10) were carried out in the MATLAB programming environment and the routines are available on request from the authors.
GOCE geopotential models
Several GGMs were used for this research: the EGM08 (Pavlis et al. 2008) ; the Delft Gravity Model, Release 1, Satellite-only (DGM-1S) (Hashemi-Farahani et al. 2013) ; the direct approach (DIR Releases 1, 2, 3 and 4) (Bruinsma et al. 2010 (Bruinsma et al. , 2013 ; the time-wise approach (TIM Releases 1, 2, 3 and 4) (Pail et al. 2010 (Pail et al. , 2011 ; and the spacewise approach (SPW Releases 1 and 2) (Migliaccio et al. 2010 (Migliaccio et al. , 2011 . These models are available at the International Centre for Global Earth Models (ICGEM) belonging to the International Gravity Field Service (IGFS) of the International Association of Geodesy (IAG). A summary of the used GGMs is shown in Table 1 .
The reason behind the selection of these models for the numerical analysis was the intention to observe the contributions of the GOCE mission. Such comparisons can be performed by using relative methods (comparison between models) if qualified and independent ground-based geoid information is available. The important point to be taken into consideration for ground-based comparison is that GPS-leveling data represents the full spectrum of the geoid (quasi-geoid) signal, whereas a global model is limited by its spectral resolution (Ustun and Abbak 2010) . However, for the evaluation of derived geopotential models one needs to know the impact of the omission error on the results.
In order to evaluate the GOCE-derived geopotential models in the quasi-geoid function by means of GPS-leveling, we applied the methodology published in Gruber et al. (2012) :
where η P is the "normal-geoid height" (cf. Eq. (3)) in its full signal, ζ LW L P is the long wavelength part of the height anomaly (computed height anomaly from the GOCE models), and ζ SW L P is the short wavelength part of the height anomaly (residual height anomaly signal not represented by the GOCE models, i.e., omission error). For the estimation of the short wavelength part (ζ
SW L P
), we used the EGM08 and the omission error of the EGM08 was estimated over the study area as proposed by Hirt et al. (2013) .
Residual Terrain Model (RTM)
The terrain effects are calculated using the residual terrain model (RTM) to better account for the short wavelengths (small features) of the Earth's gravity field (Forsberg 1984) . Following Hirt et al. (2013) , the RTM technique is capable of modeling major parts of the EGM08's signal omission error; nevertheless, it does not augment the EGM08's spectral content. The RTM-based height anomalies (ζ RT M ) can be calculated by:
where γ Q is the normal gravity on the telluroid as in Eq. (8). The potential T RT M can be calculated by using Eq. (4) published in Nagy et al. (2000) and available in the TC program (Forsberg 1984) . The RTM-based height anomalies (ζ RT M ) can be computed by using a merged digital terrain model (DTM) from SRTM V4.1 topography (Jarvis et al. 2008 ) with a digital bathymetry model (DBM) from SRTM30plus (Becker et al. 2009 ). The 7.5 arc-seconds merged DTM/DBM is converted to rock-equivalent topography in order to distinguish between different density values (Hirt 2013) . Thus, the ocean water masses are compressed into rock masses by reducing the ocean depths: 
Results and discussion
As a first comparison, the spectra of the signals for the twelve models under consideration were calculated in terms of the square root of the geoid height (Fig. 2) . As mentioned in Ustun and Abbak (2010) , the difference between the satellite-only models can be observed by their signal spectrum. The satellite signal powers can be evaluated by taking as reference the EGM08, which has full resolution up to d/o 2190/2158. Thus, from Fig. 2 it is possible to observe that the satellite-only geopotential models perform well in the determination of the long wavelength functional of the gravity field (up to degree 180). Furthermore, DIR-R4 and TIM-R4 are very close to the EGM08 up to degree 200, after which they start to lose power. EGM08 model originated from the GRACE satelliteonly model up to degree 180, between degree 181 up to 2160, the solution is based on terrestrial gravity when available (e.g., gravity anomalies), Satellite Altimetry data, and digital terrain models.
In Fig. 2 we can also see the relative gain based on a ratio between two error values, for details see Eq. (11) from Ustun and Abbak (2010) . The gains were calculated by using the formal errors of the TIM, DIR, and SPW by taking EGM08 as reference. The coefficients estimated from GOCE provide an improvement (gain bigger than 1) at the spectral band of 50-180 for TIM-R4 and 80-150 for SPW-R2 with regard to EGM08's coefficients. However, for the DIR-R4 (DIR-R3), the coefficients estimated by using data from GRACE, GOCE, and LAGEOS provide an improvement at the spectral band of 2-210 (2-190). The contributions of LAGEOS and GRACE data make DIR Releases 3 and 4 superior to other models in terms of gain. Taking into account the gain and the degree of variance, we can conclude that DIR Releases 3 and 4 and TIM-R4 are able to provide an enhanced signal over that presented in EGM08 at the degree and order less than 180. The peak in the DIR-R4 formal error at degree 55 is due to the transition in the GRACE normal equations from release 2 of Groupe de Recherche de Géodésie Spatiale (GRGS) to release 5 of GeoForschungsZentrum (GFZ) (Bruinsma et al. 2013) . This is because the error in the GRACE release 5 normal equations from GFZ is significantly smaller.
The "height anomaly" differences according to (11) were computed for all 262 GPS-leveling points (Fig. 1) by three approaches. In the first approach, we considered that the omission errors of the GGMs are negligible; in the second, we estimated the omission errors by using EGM08; and in the third, we estimated the omission error by using EGM08 and RTM (Table 2) . It can be noted that the effect of the omission errors affected the mean value slightly, while improving the SD significantly. Compare, for example, the results obtained for the TIM-R4; the difference between the mean values from the first two approaches is -5.3 cm, which is equal to the mean value of the omission error estimated by EGM08 (251-2190) over the GPS-leveling sites. This means that the omission error does not cancel out over the GPS-leveling points' distribution; thus, the estimated omission error should be taken into account. The errors due to the leveling networks, inaccuracies within the GPS surveying, and the commission error of the GGMs were not considered here. Table 2 shows that DIR-R1, in its maximum d/o (240), combined with EGM08 (241-2190) presents the smallest RMSE (0.202 m). The DIR-R1 model was constructed with a-priori information from EIGEN-5C, and therefore it is considered a combined model. Furthermore, ground data used in DIR-R1 is the same as in EGM08, which is why they are more similar. However, it is noted that EGM08 seems to perform better than the other combination models (GOCE-based and EGM08) in terms of mean value, SD and RMSE (Table 2 ) over the whole study area. Concerning the DIR-R1 without taking into account the omission error estimated by EGM08, the RMSE is 0.345 m which is comparable with the RMSE (0.34 m) provided in Table 3 of Guimarães et al. (2012) . On average, the models DIR Releases 2 and 3 (240), TIM-R1 (224) those present in Table 3 of Guimarães et al. (2012) . However, the models SPW-R1 (210) and TIM-R3 (250) present the large RMSE differences (~3 cm) between both studies. In Table 1 of de Matos et al. (2012) an evaluation of the DIR-R2 is presented, the RMSE value is 0.41 m. The differences of the RMSEs can be attributed to the accuracy, number and distribution of GPS-leveling stations, the tide systems, the functional of the geopotential (here quasi-geoid and there geoid), and the zero-degree term.
In order to investigate more carefully the omission errors estimated by EGM08, we decided to evaluate the EGM08 at d/o 720. This selection is not random. The choice of applying the d/o 720 is to take into account the "fill-in" technique adopted in the EGM08 solution for regions with poor gravity data set coverage, such as the area of study under consideration, see details in Pavlis et al. (2012) . Table 2 shows the numerical statistics for the selected spectral window of the EGM08. A slight difference between the EGM08 up to d/o 720 and its maximum degree shows that EGM08's spherical harmonic coefficients between d/o 721 up to 2190 cause a deterioration of the RMSE by 0.7% (Table 2) . The "fill-in" technique seems to be unable to improve the EGM08 beyond d/o 720 over the study area. This suggests that we need to estimate a correction for the omission errors from other sources (e.g., gravity anomalies).
Table 2 also shows that adding the RTM-based height anomalies to the EGM08-derived height anomalies at EGM08's maximum degree enlarges this value to 0.225 cm, which corresponds to a deterioration of approximately 0.3%. A further indicator of the RTM performance is the reduction rate residual errors r, which may be expressed as (Hirt et al. 2013) :
where η is the "normal-geoid height" from (3). The Fig. 3 shows this indicator of improvement (r > 0) or deterioration (r < 0)
for the 262 GPS-leveling stations. The application of RTM improved the agreement between EGM08 and GPS-leveling in approximately 46% of the total points. Furthermore, there is no significant correlation between the improvement/deterioration and the topography.
As mentioned by Gruber et al. (2011) , from the steepness of the slopes of the RMSE values, it is possible to identify at what degree a model starts to lose power. Figure 4 shows the RMSEs of the height anomaly differences for the degrees varying 10 by 10 and starting from 10 up to the GOCE-based GGMs' maximum degree. The A significant difference in behavior can be observed for the combined DGM-1S and DIR and TIM Releases 3 and 4 models. Overall, all GOCE-only models show better performance compared to the EGM08 at the spectral band from approximately degree 110 to 200. However, a significant difference in behavior can be observed for the DIR-R1 (combined model), it performs better than all models from degree 30 up to 240 and the lowest RMSE (~0.201 m) occurs at the d/o 230. It is remarkable that by adding GOCE data to the combined a-priori model a significant improvement in height anomalies can be observed (Gruber et al. 2011) . This plays an important role in areas where the accuracy of the geoid model, as for example in Brazil, is approximately 0.28 m (de Matos et al. 2012) .
It is worth to be mentioned that the combination of GOCE-only model TIM-R4 up to degree 190 and EGM08 from degree 191 up to 2190 provides an improvement over approximately 58% of the points with an average of 6.5 cm. However, DIR-R3 reduces the RMSE by approximately 1.4% compared to TIM-R4 at degree 190. It is noted that TIM-R4 seems to perform better than DIR-R3 in terms of maximum, minimum and mean values over the GPS-leveling stations. Furthermore, TIM-R4 and DIR-R4 seem to perform better than DIR-R3 in the spectral band from 10 to 250 (d/o 190 is an exception). Related to the omission error estimated from EGM08, we did not perform analyses for the spectral bands from 180 to 2190
(the spectral band 180-720 contains a large portion of regional gravity anomalies information) to verify for which d/o EGM08 delivers the lowest RMSE. This is one limitation of our study since we used EGM08 to estimate the GOCE's omission error; we therefore plan to repeat the validation in future work by using regional gravity anomalies and topography information to improve and extend the GOCE-based GGMs.
Conclusions
Various combinations for GOCE-based GGMs and EGM08 at different spectral bands were evaluated using GPS-leveling. Validation tests showed that the GOCE-derived geopotential model DIR-R1 in comparison with other GOCE-based models. In fact, it was found that the long wavelength (>100 km) information derived from DIR-R3 improved the height anomalies from EGM08 by approximately 8% in terms of RMSE while TIM-R4 by approximately 7%. However, it is important be mentioned that TIM-R4 and DIR-R4 perform better than DIR-R3 in the spectral band from 10 to 250 (except for 190).
The augmented EGM08 height anomalies, by using the RTM gravity forward modeling, improved the RMSE agreement over the EGM08's resolution for 46% of the total GPS-leveling stations. On average, augmentation with RTM omission error estimates deteriorated the RMSE by approximately 0.3%. Furthermore, the EGM08 from degree 721 up to 2190 does not deliver a significant contribution to the height anomalies determination over the study area.
Future work will entail refining our validations by using a combination of the GOCE-based GGMs and EGM08 in the spectral domain, for example, by using the least-squares method. It is also important to identify the "optimal" combination between high resolution GGMs and RTM-based quantities over areas such as in this case study.
